Wind factor, the ratio of sea ice drift speed to surface wind speed, is a key factor for the dynamics of sea ice and is generally about 2%. In some coastal oceans, however, the wind factor tends to be larger near the coast. This study proposes the enhancement mechanism of the sea ice drift caused by the dynamical coupling between sea ice and a coastal ocean. In a coastal ocean covered with sea ice, wind-forced sea ice drift excites coastal trapped waves (shelf waves) and generates fluctuating ocean current. This ocean current can enhance sea ice drift when the current direction is the same as that of the wind-driven drift. The authors consider a simplified setting where spatially uniform oscillating wind drifts sea ice parallel to the coast. When a barotropic long shelf wave is assumed for the ocean response, sea ice drifts driven by wind and ocean are obtained analytically. The ratio of ocean-driven to wind-driven sea ice drifts is used for the evaluation of the oceanic contribution to the enhancement of sea ice drift. The enhancement is mostly determined by the characteristics of the shelf waves, and sea ice drift is significantly enhanced close to the coast with lower-frequency wind forcing. Comparison with the observation off the Sakhalin coast shows that the degree of enhancement of sea ice drift and its characteristic such that larger enhancement occurs near the coast are mostly consistent with our theoretical solution, suggesting that this mechanism is present in the real ocean.
Introduction
Sea ice drift is determined as a result of wind forcing and ice-ocean interaction. Studies on sea ice drift can be traced back to Nansen (1902) , who found that sea ice drifts with a speed of about 2% of the surface wind and about 258 to the right of the wind in the Northern Hemisphere.
Recently, sea ice drift has been studied using driftingbuoy and satellite-microwave data in the entire polar sea ice regions (e.g., Thorndike and Colony 1982; Emery et al. 1997; Heil and Allison 1999; Kimura and Wakatsuchi 2000; Kimura 2004 ). These studies showed that the correlation between wind and sea ice drift tends to be lower in the coastal ocean where sea ice concentration is high. This is caused by the internal stress of sea ice, which can be comparable to the wind stress in the force balance in the extreme case.
Even in a coastal ocean where sea ice concentration is high, the free drift of sea ice, which is not affected by the internal stress, roughly holds in a nonconvergent regime of sea ice drift. Such situation occasionally occurs in the Sakhalin coast in the Sea of Okhotsk and the northern Alaskan coast in the Chukchi Sea. In these regions, correlation between wind and sea ice drift is as high as that away from the coast. It is also noticeable that the wind factor calculated from satellite-microwave data tends to be larger in these regions (Kimura and Wakatsuchi 2000) . To be strict, wind factor is defined as the ratio of wind-driven component of sea ice drift to wind speed. However, wind factor is sometimes calculated only from the time series of wind and sea ice drift, neglecting the temporal variation of ocean current underneath the sea ice, because of the lack of ocean current observation. In these cases, the wind factor consequently contains the effect of temporally varying ocean current. Therefore, the temporal variation of ocean current possibly increases or decreases the wind factor calculated from the time series of wind and sea ice drift.
In a coastal ocean, when sea ice drifts under wind forcing, the movement of sea ice exerts water stress to the ocean, which excites coastal trapped waves (CTWs). The fluctuating ocean current by the CTWs would also drift sea ice in turn. If the sea ice drift driven by wind and ocean current are in the same direction, the sea ice drift is enhanced. Therefore, the larger value of wind factor calculated from satellite-microwave data in a nonconvergent regime of a coastal ocean can be explained by the following coupling mechanism: First, sea ice drifts under wind forcing. Then, the movement of sea ice exerts water stress on the ocean, which excites CTWs and generates fluctuating ocean current. This ocean current enhances the sea ice drift.
Previous direct observations in coastal oceans also showed that sea ice drift is largely influenced by the ocean current and thus the coastal topography (e.g., Pease and Salo 1987; Greenan and Prinsenberg 1998; Hä kkinen and Cavalieri 2005; Rabinovich et al. 2007 ). Fissel and Tang (1991) found that, in the Canadian east coast in the Labrador Sea, the wind factor becomes large under strong wind, and they suggested that it is caused by the wind-driven coastal ocean current. From a coupled ice-ocean model, Overland and Pease (1988) showed that sea ice drift in the coastal ocean is strongly affected by the wind-driven ocean current. These previous studies also suggest that sea ice motion in a coastal ocean is determined as a result of dynamical interaction among wind, a coastal ocean, and sea ice.
The objective of this study is to examine the coupling mechanism between sea ice and a coastal ocean that enhances sea ice drift as described above. We consider this interaction in an idealized setting. We also apply our theory to the real ocean to examine its validity. We use the ratio of the wind factor that contains the effect of ocean current (apparent wind factor) to the exact wind factor that does not contain the effect of ocean current to evaluate the contribution of fluctuating ocean current to sea ice drift in an analytical solution and to compare with the observation.
Dynamical interaction between sea ice and a coastal ocean a. Momentum equation of sea ice in steady state
We consider the case where sea ice drifts under wind forcing. The time scale of sea ice drift considered in this study is longer than a day, which is much longer than the response time of sea ice drift to wind, according to Zubov (1945) and Leppäranta (2005) . Thus, in the equation of motion for sea ice, the time derivative term can be neglected. Further we assume that the free drift of sea ice roughly holds and the internal stress term can be neglected. Under these conditions, the motion of sea ice is determined by the balance of wind and water stresses and the Coriolis force, represented by
where wind and water stresses are given with the quadratic form for simplicity as t a 5 r a C a jU a jU a and (2)
and rotation matrix R(u 0 ) is
where u 0 is an arbitrary angle. In these equations, u ice , U a , and u w are sea ice, surface wind, and ocean current velocities; r a , r w , and r ice are densities of air, water, and sea ice; C a and C w are air-ice and ice-water drag coefficients; h is sea ice thickness; and f is the Coriolis parameter. The angle u w is the turning angle by which the direction of t w is rotated from the direction of (u w 2 u ice ) because of the Ekman veering.
Generally, sea ice velocity of free drift can be expressed as
where a is wind factor and u is the angle between (u ice 2 u w ) and U a . Substitution of Eqs. (2) 
The Nansen number Na is defined as
which is equivalent to the wind factor for the case where the Coriolis force is negligible and sea ice drifts with the exact balance between wind and water stresses. The ice Rossby number Ro is defined as
Ro 5 r ice f h r w C w NajU a j ,
where larger ice Rossby number means stronger effect of the Coriolis force on sea ice drift. From Eq. (6), sea ice roughly drifts with a 5 Na when Ro is small (when wind speed is large and/or sea ice is thin). McPhee (1979) showed that the quadratic drag relation is somewhat different from the result of either boundary layer theory or observation, and the drag should be approximately proportional to (u w 2 u ice ) 1.7 . Using a more realistic Rossby similarity scale method of the boundary layer theory, C w decreases with increase of wind speed (McPhee 1981 (McPhee , 2008 and wind factor (Nansen Number) becomes the function of wind speed. Thus, when wind speed increases from 5 to 15 m s 21 , for example, wind factor (Nansen number) increases by about 10%. Therefore, in reality, wind factor would vary with wind speed even in the absence of fluctuating ocean currents. However, because we would like to evaluate the coupling mechanism between sea ice and a coastal ocean that enhances sea ice drift in a simplified setting, the quadratic drag relation is assumed in this study.
In the case where free drift of sea ice roughly holds, deformation rate of sea ice remains small and sea ice flow can be assumed as the Newtonian fluid. With this assumption, the Ekman transport can be calculated by integrating momentum equation from the surface to a level of zero stress and the total mass transport of the ice and ocean occurs in the direction 908 to the right of the wind stress in the Northern Hemisphere. If the Ekman transport has the component perpendicular to the coast, it results in a compensating flux in the layer underneath, generating CTWs through stretching or shrinking of water column (Gill and Schumann 1974) .
b. Shelf waves excited by wind stress on sea ice
In this subsection, we take an analytical approach on oceanic motion excited by wind stress on sea ice in an idealized setting in a coastal ocean. A right-handed coordinate system is chosen such that the positive y axis points seaward from the coast and the x axis lies along the coastline at y 5 0 (Fig. 1) . The depth of ocean is given as a function of distance from the coast. We assume that ocean surface is completely covered with sea ice and wind stress uniformly drifts sea ice. From Eq. (5), wind drifts sea ice with a speed of ajU a j in the direction u from the wind. Because the magnitude of the Coriolis force changes with wind speed and ice thickness, the values of a and u are functions of Ro and Na [Eqs. (6) and (7)]. To model the dynamical interaction between sea ice and a coastal ocean in a simplified setting, however, we assume that a and u are constant and consider the case where spatially uniform wind oscillating with a specific period drifts sea ice parallel to the coast. We assume Ro is small and thus a 5 Na. When Ro , 0.2, this approximation is valid with the associated error being less than 10% for the value of a (Leppä ranta 2005). We set u 5 258, following Leppä ranta (2005), which is a typical value from the previous observations. Here, the spatially uniform wind oscillating with a specific period that drifts sea ice parallel to the coast is represented by
This is because in general the scale of atmospheric disturbance is sufficiently larger than that of shelf in the ocean. With this wind forcing [Eq. (10) ], wind stress is calculated as t a 5 r a C a jÛ a jÛ a sinvt and we can easily apply the solution of CTWs (Gill and Schumann 1974) in the following. The direction of wind vectorÛ a is u from the coast (Fig. 1) , which drifts sea ice parallel to the coast. Because horizontally uniform wind stress at the surface generates the uniform Ekman transport perpendicular
showing the force balance of sea ice drift in the Northern Hemisphere. The vectors t a and t w are wind and water stresses. The Coriolis force vector and the Ekman transport in the ocean layer are indicated. Here, u is the angle between (u ice 2 u w ) and U a and u w is the turning angle by which the direction of t w is rotated from the direction of (u w 2 u ice ) because of the Ekman veering, where u ice , U a , and u w are sea ice, surface wind, and ocean current velocities. The arrow with the symbolÛ a indicates the direction of the oscillating wind vector. The internal stress of sea ice is not considered, and the mean ocean current u w is assumed to be zero here.
to the wind stress, the Ekman transport is blocked at the coast in x $ 0 and induces CTWs. The motion of ocean underneath sea ice is assumed to be barotropic CTWs excited by the across-shore component of the Ekman transport. We apply the model developed by Gill and Schumann (1974) to solve for the barotropic CTWs. [In the following, the term ''shelf wave'' is used for barotropic CTWs following Gill and Schumann (1974) ]. The Ekman transport in the ocean layer is generated in the direction 908 to the right of t w (Fig. 1) , and its across-shore component is jt w jcosu w / (r w f ). From the force balance of sea ice in the alongshore direction, jt w jcosu w 5 jt a jcosu is obtained (Fig. 1) . As described in section 2a, the wind stress generates the Ekman transport in the ice/ocean layer in the direction 908 to the right of the wind stress. The across-shore component of this transport is jt a jcosu/(r w f ), which is equivalent to the across-shore transport generated by t w in the ocean layer. This is because sea ice drifts only in the alongshore direction and there is no across-shore component of the Ekman transport in the ice layer. In the equations of motion, jt a jcosu should be represented by the cross product of i (unit vector along x axis) and t a to take into account for the direction of t a . Assuming the rigid-lid and long-wave approximations and neglecting nonlinear terms, the equations of motion and continuity equation are
fu w 5 2g ›h ›y , and (12)
Here, u w and y w are alongshore and across-shore components of u w , and H, h, and g are the depth of ocean, elevation of sea surface, and acceleration due to gravity. The motion of ocean is solved from the vorticity equation by introducing a streamfunction (Gill and Schumann 1974) , and the alongshore component of ocean current is calculated as a summation of all modes represented by
. (14) Here, F n (y) is the eigenfunction and b n and c n are constants determined from the depth profile. Substitution of Eq. (14) into Eq. (5) yields the total velocity of sea ice.
c. Case with an exponential depth profile
As in Gill and Schumann (1974) , we first consider the case with an exponential depth profile represented by
The exponential depth profile is convenient because the solution can be obtained analytically. The eigenfunctions F n (y) are obtained as
where A n and b n are constants determined from the depth profile.
In the following, we set various parameters based on the case off the Sakhalin coast in the Sea of Okhotsk. The exponential depth profile is obtained by fitting to the real shelf topography (Fig. 2) . Based on the typical wind forcing off the Sakhalin coast discussed in section 3a, jÛ a j 5 7 m s 21 and v 5 0.1 cpd are used. Values of C a and C w have been measured in various sea icecovered oceans (e.g., Smith 1972; Banke et al. 1980; Joffre 1982; McPhee 1982; Pease et al. 1983; Martinson and Wamser 1990; Andreas and Claffey 1995; Fujisaki et al. 2009) . The values of measured C a and C w vary widely, depending on the sea ice condition such as roughness of sea ice. In this study, we set typical values of C a 5 C w 5 2.0 3 10
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. With these values, Na 5 0.035. Time series of wind-driven sea ice velocity NaR(2u)U a , ocean current u w , and total sea ice velocity u ice at x 5 250 km and y 5 0 km calculated from Eqs. (5) and (14) are shown in Fig. 3 . In this case, u ice is generally enhanced by u w because NaR(2u)U a and u w do not have a large phase difference and are in the same direction for most of the time. However, there exists a short period of time when U a and u w are in the opposite directions and u ice is weakened. From Eqs. (10) and (14), the phase difference between U a and u w is vx/2c n , which can take all the values in 0-2p, depending on x. Therefore, depending on x, u ice can be enhanced or weakened by u w in principle. However, the mode 1, which is the dominant mode in general, has relatively small phase difference within the general alongshore scale of the coast. Consequently, sea ice drift is generally enhanced. In the case off the Sakhalin coast, for example, the antiphase (p) point of the mode 1 occurs at x 5 4400 km, suggesting that u ice is mostly enhanced by u w . To define the enhancement of sea ice drift due to ocean current precisely, however, we still need to isolate the influence of phase difference in time. One simple way to achieve this is to discuss an averaged value of the enhancement of sea ice drift over some time span.
d. Apparent wind factor
To be strict, wind factor is defined as the ratio of winddriven component of sea ice drift to wind speed, which is denoted as the exact wind factor in this study. In this study, we consider the case where Ro is small and assume that the exact wind factor equals to the Nansen number. However, wind factor is sometimes obtained only from the time series of sea ice drift and wind due to the lack of ocean current observation. Thorndike and Colony (1982) calculated a and u using a least squares method by neglecting the time variation of a, u, and u w in Eq. (5) from the time series of sea ice drift and geostrophic wind. The wind factor calculated by this method would be modified by the influence of fluctuating ocean current. Kimura and Wakatsuchi (2000) and Kimura (2004) also calculated the value of wind factor using the same method based on the satellite-microwave and geostrophic wind data. In this study, we define the wind factor obtained by this method as apparent wind factor to be distinguished from the exact wind factor. In the above method, the apparent wind factor is generally calculated from the time series over some time span. Namely, the apparent wind factor obtained in these observations is actually the averaged ratio of sea ice drift driven by both wind and fluctuating ocean current to wind speed.
As pointed out by the theoretical discussion in the previous subsection, the enhancement of sea ice drift due to fluctuating ocean current should also be evaluated over some time span. This concept is similar to that of the apparent wind factor used in the previous observational studies. Therefore, we define the apparent wind factor in the same manner for the analytical solutions. Because the value of turning angle u is assumed to be constant, we define the apparent wind factor from the time series of wind speed and sea ice speed using a least squares method. When we set X as wind speed in the direction ofÛ a and Y as sea ice speed along the x-axis direction, X 5 jÛ a j(jsinvtj) 1:5 /sinvt and Y 5 NajÛ a j(jsinvtj) 1:5 /sinvt 1 u w . Because X and Y are functions of time, the trajectory of X and Y can be plotted in the x-y plane (Fig. 4) . When this trajectory is approximated to a linear function (dashed line in Fig. 4 ) by using a least squares method, the slope of the linear function represents the averaged ratio of sea ice drift FIG. 3 . Time series of wind-driven sea ice velocity NaR(2u)U a (dotted line), ocean current u w (dashed line), and total sea ice velocity u ice (thick solid line) at x 5 250 km and y 5 0 km. In this case, NaR(2u)U a is 3.5% of wind speed.
FIG. 4. The trajectory of the wind speed of X 5 jÛ a j(jsinvtj) 1:5 / sinvt and the sea ice drift of Y 5 NajÛ a j(jsinvtj) 1:5 /sinvt 1 u w at x 5 250 km, y 5 0 km, which is the same location as in Fig. 3 . The thin line indicates the ellipse, which passes through the same points as the trajectory of X and Y when X is 0, the minimum and maximum. The dashed line indicates an approximated linear function of the trajectory of X and Y obtained by a least squares method. The dot with t 5 0 indicates the time when wind speed is zero, and the dot with t 5 t 0 indicates the time when the wind speed is the maximum.
to wind speed, which is defined as the apparent wind factor here. Here, we define the time t 0 as the time when the wind speed is the maximum. We assume that the slope of the linear function by a least squares method (dashed line in Fig. 4 ) can be approximated to the slope of the linear function connecting the origin and the point where t 5 t 0 . The reason for this assumption is as follows: The ellipse that passes through the same points as the trajectory of X and Y when X is 0, the minimum and maximum, is plotted (thin line in Fig. 4 ). It is found that the trajectory shape of X and Y is fairly similar to that of the ellipse. For the case of the ellipse, the slope of the linear function from a least squares method is equivalent to the slope of the linear function connecting the origin and the point where X 2 1 Y 2 becomes maximum. Furthermore, the time when X 2 1 Y 2 becomes maximum can be approximated as t 0 , because jÛ a j ) ju ice j. Thus, for the case of ellipselike trajectory of X and Y, we also assume that the slope of the linear function by using a least squares method can be approximated as the slope of the linear function connecting the origin and the point where t 5 t 0 . When two of the slopes are calculated in the range of 0 km # x # 600 km (range of x in Fig. 5 ), this assumption is valid with an associated error between these two slopes being less than 5%. Thus, the apparent wind factor is calculated as the ratio of the sea ice to wind speeds at t 5 t 0 in the following.
e. Enhancement of sea ice drift
Here, we define the enhancement ratio of the wind factor g as the ratio of the apparent to the exact wind factors. Namely, g is the ratio of sea ice drift driven both by wind and fluctuating ocean current to sea ice drift driven only by wind. When g is larger than unity, sea ice drift is enhanced by the fluctuating ocean current.
For the case discussed in section 2d, g is g(x, y) 5 1 1 å n r a C a jÛ a jb n c n cosu fHNar w v sin vx c n F9 n (y).
The enhancement ratio of the wind factor g is the sum of unity (normalized exact wind factor) and the enhancement of sea ice drift due to the fluctuating ocean current [the second term in Eq. (17)], represented by the summation of the shelf wave modes. Spatial distributions of g by the mode 1 and the modes 1-5 for the exponential depth profile fitted to the Sakhalin coast described in section 2c are shown in Figs. 5a ,b, respectively. The contribution of the modes higher than 5 are negligible, so the summation of the modes 1-5 is considered in this study.
As shown in Eq. (17), g for each mode has a dependence of sinusoidal function sin(vx/c n ) in the alongshore direction. Because the wavelength of mode 1 is 4200 km, which is much larger than the alongshore scale in general, g for the mode 1 (Fig. 5a ) is greater than unity all along the coast, with values larger in the region closer to the coast and converging to unity offshore. For the case of modes 1-5, the local maximum is found about 550 km downstream, which represents the contribution of the modes 2 and 3 with the wavelengths 1060 and 480 km, respectively. For the both cases, the enhancement by the fluctuating ocean current is only prominent near the coast and nearly absent in the deep ocean offshore.
f. Factors determining the enhancement of sea ice drift
In this subsection, we discuss the factors that determine the enhancement of sea ice drift. Specifically, we examine the dependence of g 2 1, the enhancement of sea ice drift due to fluctuating ocean current, on the forcings and conditions. As in section 2d, when wind speed is sufficiently large, g 2 1 approximately equals to the ratio of ocean current to wind-forced sea ice drift at the time t 0 . First, we show the determining factors of the ocean current by the shelf waves at the time t 0 and then present the determining factors of the enhancement. From Eq. (14), the ocean current at the time t 0 is represented as u w (x, y, t 0 ) 5 å n r a C a jÛ a j 2 b n c n cosu
The ocean current at the time t 0 is proportional to jÛ a j 2 and C a . On the other hand, the ocean current does not depend on C w because the alongshore component of water stress acting on the ocean surface is always balanced with the alongshore component of wind stress. For the case in which vx/c n ( 1, using Taylor expansions, u w is approximated to
which does not depend on v. For the case in which vx/c n is not small, the speed of ocean current generally becomes smaller with higher frequency. Meanwhile, the wind-forced sea ice drift at the time t 0 is equal to NajÛ a j and is proportional to jÛ a j and ffiffiffiffiffiffiffiffiffiffiffiffiffi C a /C w p . As a result, the enhancement of sea ice drift g 2 1, the ratio of the ocean current to the wind-forced sea ice drift, is proportional to jÛ a j and ffiffiffiffiffiffiffiffiffiffiffiffi C a C w p . For the case vx/c n ( 1, g 2 1 is not dependent on v, whereas, for the case in which vx/c n is not small, the frequency dependence of g 2 1 is complicated, but g 2 1 generally becomes smaller with higher frequency (Fig. 6 ).
g. Solution for the steady forcing
In the discussion above, we have considered the case where sea ice drifts under oscillating wind forcing. Also, under steady wind forcing, sea ice drift may be enhanced in the same manner as a result of the coupling mechanism between sea ice and a coastal ocean. In this subsection, we briefly examine the enhancement of sea ice drift under the same setting as sections 2b and 2c but with steady wind forcing.
The ocean current induced by wind-forced sea ice drift can be solved using an arrested topographic wave model (Csanady 1978) . We consider the case where steady wind drifts sea ice parallel to the coast represented by
For the case of steady wind forcing, the equation of motion along the x axis is
where r is the coefficient of the bottom friction. In comparison with the case of oscillating wind [Eq. (11)], the term ›u w /›t is replaced by ru w /H. By introducing streamfunction, Eqs. (12) and (21) can be reduced to a heat conduction equation (Csanady 1978) , and here we have solved this problem by the analogy to the periodic solution, as in Ohshima (2000) . We define g s as the ratio of sea ice drift driven by both steady wind and ocean current to sea ice drift driven only by steady wind. Here, the steady wind speed off the coast of Sakhalin is calculated as the average wind speed along the direction that drifts sea ice in the alongshore (north-south) direction, and jÛ s j 5 4 m s 21 is used. Based on Chapman et al. (1986) , r 5 5.0 3 10 24 m s 21 is used. The calculated spatial distribution of g s is shown in Fig. 7 . The result is similar to that of the oscillating case (Fig. 5) , including larger enhancement of sea ice drift near the coast. The steady solution of g s depends on r, and the enhancement near the coast becomes larger with smaller r, which is determined by the structure of the arrested topographic wave.
Application to the real oceans
In this section, we consider the case off the Sakhalin coast in the Sea of Okhotsk to compare a theoretical solution with observational results. Then, we apply our theory to the cases off the Arctic and Antarctic coasts. The exponential depth used in section 2 does not necessarily fit well with the real depth profile. Here, we implement a more realistic topography to allow closer comparison with the observational data obtained in the coastal region off Sakhalin in the Sea of Okhotsk (Fig. 8) .
First, we calculate the value of Ro to confirm the applicability of our theory to the Sakhalin coast. The average sea ice thickness off the Sakhalin coast is approximately 1.2 m (Fukamachi et al. 2009 ), and the typical wind speed is 7 m s
21
, as described below. With these parameters, Ro 5 0.23, and thus our theory can be applied to the Sakhalin coast.
The depth profile off the Sakhalin coast averaged over 498-548N (thick dashed line in Fig. 2) is used for the calculation in this section. Mizuta et al. (2005) showed that CTWs are induced by alongshore wind stress in the Sakhalin coast even in the sea ice season. Under the realistic depth profile and stratification off the Sakhalin coast, located in relatively high latitudes (468-558N), the CTWs have nearly barotropic structure (Shevchenko et al. 2004; Mizuta et al. 2005; Ono et al. 2006) . In addition, from the dispersion relations, the waves with the period of ;10 days can be treated as long waves. Thus, we assume barotropic long shelf waves as the oceanic response and solve Eqs. (14) and (17) numerically for the realistic topography to obtain the spatial distribution of g.
Next, we examine the characteristics of the wind forcing based on the European Centre for Medium-Range Weather Forecasts (ECMWF) dataset. The data at the grid point at 52.8758N, 1448E (the location indicated by the asterisk near M1 in Fig. 8 ) are used. The principal direction of the wind from December 1998 to April 1999 is toward the east-southeast, approximately 608 from the coast. When the Sakhalin coast is assumed to be oriented along the north-south direction, the wind direction by which the sea ice is drifted parallel to the coast is toward the south-southeast, approximately 258 from the coast, which is somewhat different from the principal wind direction. Thus, in reality, open ocean (a coastal polynya) occasionally appears near the shore with the offshore wind and the convergence with internal stress would occur with the onshore wind. However, we discuss this issue later in the section 4 and assume the ideal case where sea ice is drifted by the wind exactly parallel to the coast.
The power spectral density of the wind is calculated for the component that drifts sea ice in the north-south direction. The spectral density of the wind decreases monotonically without any specific peak (not shown). We arbitrarily choose 0.1 cpd as a representative of low frequency and its wind speed is set to jÛ a j 5 7 m s prominent off the Sakhalin coast (Shevchenko et al. 2004) . The spatial distribution of g for the case of 0.1 cpd is shown in Fig. 9 , with the averaged depth profile off the Sakhalin coast (right panel). The circles indicate mooring stations whose information is shown in Table 1 . The g is enhanced within ;30 km from the coast with the maximum value exceeding 2.5. The region with larger g expands downstream in accordance with the development of the shelf waves. When compared with the exponential profile case (Fig. 5b) , the spatial distribution of g is not significantly different, but g is larger near the coast. This is because the minimum depth of 40 m near the coast is larger than the reality because of the fitting procedure to the exponential profile, and thus the amplitude of the ocean currents by shelf waves is weakened. The result for the case of 0.35 cpd is qualitatively similar to that for the case of 0.1 cpd (Table 2) .
2) OBSERVATIONAL DATA
In this subsection, we use sea ice drift and ocean current data from the acoustic Doppler current profilers (ADCPs) deployed off the Sakhalin coast to examine whether the enhancement of sea ice drift can be observed in the real ocean as the theory predicts. The observations were conducted from July 1998 to June 2000 and from December 2002 to June 2003. The mooring locations are indicated in Fig. 8 and their information is summarized in Table 1 . Further details of the observations are described in Mizuta et al. (2003) and Fukamachi et al. (2009) .
The 10-m wind data at every 6 h from the ECMWF reanalysis were used here. The closest grid points of the wind data from the mooring stations used for the data analysis are indicated by the asterisks in Fig. 8 . Only, at M0, in situ wind data were used for the analysis. The missing parts of the time series data were linearly interpolated. To compare with the theory, we only focus on the alongshore (north-south) sea ice drift and wind speed in the direction 258 from the alongshore direction, which drifts the sea ice roughly parallel to the coast.
As an example, we show the time series of the daily averaged alongshore sea ice drift, 3.5% of wind speed in the direction 258 from the alongshore direction, and alongshore ocean current at M1 (Fig. 10) . When we focus on the strong wind events that started from 2 March and 1 April (see the arrows), sea ice drift was first enhanced in response to the wind. Subsequently, the ocean current was also induced in the same direction as that of the wind with a phase lag of 1-3 days, which suggests the excitation of CTWs. Finally, sea ice drift was further enhanced by this ocean current. This feature seems to be consistent with the analytical result of the relationship among the wind-driven sea ice velocity, ocean current, and total sea ice velocity (Fig. 3) . Even the raw time series suggest that the enhancement of sea ice drift due to the interaction between sea ice and a coastal ocean occurs in reality. To evaluate this enhancement quantitatively, we calculate the enhancement ratio of sea ice drift at all mooring stations. As in the case of section 2d, we set the alongshore sea ice drift as X and the wind in the direction of 258 from the alongshore direction as Y. Using a least squares method, the apparent wind factor for the alongshore sea ice drift is obtained. Furthermore, the exact wind factor for the alongshore sea ice drift is obtained by subtracting the alongshore ocean current from the alongshore sea ice drift and using a least squares method similarly. The values of g obtained from the daily averaged data during the analysis period for entire frequency are listed in the fourth column of Table 2 . In addition, frequency analyses are conducted. For the frequency analyses, we used wind, sea ice velocity, and ocean current data at every 6 h. We divide the signals into low-(0.03-0.2 cpd) and high-(0.2-0.5 cpd) frequency components using the FFT and calculate the apparent and exact wind factors for each frequency range (Table 2 ). For comparison, we also show the values of g at M0-M6 with 0.1 and 0.35 cpd from the theoretical solution. We set the northern edge of Sakhalin at x 5 0, although in reality shelf waves might be somewhat excited from the region x # 0. The locations of M0-M6 in Fig. 9 (left) are defined by the actual alongshore distance (x) and the across-shore distance (y), which is determined from the location of the actual depth (shown in Table 2) in the averaged profile (right). This is because it is considered that the ocean current by shelf waves and thus g depend more on depth rather than the actual offshore location.
3) COMPARISON BETWEEN THE THEORY AND OBSERVATION
In the theoretical solution for the periodic wind forcing, the enhancement is prominent over the shelf and decreases offshore converging to g 5 1 (Fig. 9) , and the enhancement becomes smaller with higher wind frequency (not shown). It is noted that M1-M4 and M5-M6 are located at the same latitudes, respectively. In the observational data (Table 2) , the values of g near the coast (M0, M1, and M5) are relatively large (1.4-1.7), whereas those at deeper locations (M3, M4, and M6) are close to unity. The observations also show that the values of g in the low frequency are larger than those in the high frequency, TABLE 2. The values of g, the ratio of the apparent to exact wind factors, calculated from the observational data and theoretical solutions at mooring stations M0-M6. For the observation, the values of g calculated from the daily averaged data for the entire frequency range and those calculated from the 6-hourly data for low-(0.03-0.2 cpd) and high-(0.2-0.5 cpd) frequency ranges are shown. For the theoretical solutions, the results for v 5 0.1 cpd and v 5 0.35 cpd are shown. The theoretical solution at M4 is not calculated because the depth of M4 is deeper than the maximum depth of the depth profile used. except for the case at M0. In spite of the highly idealized setting, the values, spatial distribution and dependence of g on frequency from the theory are mostly consistent with the observations. However, there is an observational result inconsistent with the theory at M0: g is smaller in the low frequency than that in the high frequency. If this inconsistency is real, the following scenario may explain the situation: Because M0 is located close to the coast, the sea ice drift field at M0 frequently changes between converging and diverging conditions over the winter. In the converging condition, it is likely to take some time for the internal stress of sea ice to become large enough to influence the motion of sea ice. For the case of the higher frequency, wind direction would change before the internal stress becomes significantly large. Meanwhile, for the case of the lower frequency, the internal stress would become significantly large and weaken the sea ice drift. As a result, the value of g at M0 is larger in the high frequency than in the low frequency.
When g s is defined as the ratio of the averaged sea ice drift to the averaged sea ice drift minus the averaged ocean current underneath during the observational periods (Table 1) for the alongshore component, the observed g s is about 2-3 for all the locations of M0-M6. From the theoretical solution calculated under the realistic depth profile for the steady wind forcing, however, the enhancement is significant only near the coast (g s 5 1.5 at M0) and is negligible at other locations (g s is close to unity), which is different from the observation. This is because the coastal current off the Sakhalin coast (East Sakhalin Current) has the component of the western boundary current by the wind stress curl as well as the arrested topographic wave induced by the alongshore wind stress (Simizu and Ohshima 2006) . Thus, the observation and steady solution cannot be compared simply.
b. Application to the regions off the Arctic and Antarctic coasts
In this study, we have shown that sea ice drift is significantly enhanced in the coastal ocean where the free drift of sea ice roughly holds. Kimura and Wakatsuchi (2000) calculated the wind factor (actually the apparent wind factor) in the Northern Hemisphere using satellitemicrowave data, and their results show that the wind factor is significantly large near the Alaskan coast in the Chukchi Sea, especially in December, January, and April (Kimura 2000) . The similar analysis conducted in the Southern Ocean does not show any significant enhancement of the wind factor along the coast of the Antarctica (Kimura 2004) . In this section, we apply our theory to these two regions.
The right panels of Figs. 11 and 12 show the depth profiles off the Alaskan coast in the Chukchi Sea averaged over 1548-1598W and off the coast of the East Antarctica averaged from 08 to 1608E, respectively. To compare the differences of the enhancement of sea ice drift as a result of the interaction between sea ice and a coastal ocean purely due to topographic features, the forcings and parameters are assumed to be the same in these two cases. We assume C a 5 C w 5 2.0 3 10 23 , as in section 2. In the Chukchi Sea, C a 5 1.6 3 10 23 and C w 5 5.0 3 10 23 were observed (Banke et al. 1980; McPhee 1982) , and thus the assumed value of C w is smaller than the observed value. Although in the Southern Ocean, C a 5 1.9 3 10 23 and C w 5 1.5 3 10 23 were observed in the Weddell Sea (Martinson and Wamser 1990; Andreas FIG. 11. (left) The spatial distribution of enhancement ratio g calculated for (right) the depth profile off the Alaskan coast in the Chukchi Sea, averaged over 1548-1598W. The contour interval is 0.5. and Claffey 1995), and thus the assumed values are similar to the observed ones. The winter-mean wind speed for the two regions ranges in 5-10 m s 21 . Here, we set jÛ a j 5 10 m s 21 and v 5 0.1 cpd. The spatial distributions of g for the cases of the Chukchi Sea and off the East Antarctica are shown in the left panels of Figs. 11 and 12 , respectively. The forcing and parameters are set to be the same as those used in sections 2 and 3, except that the spatially uniform wind is applied in the region of x # 0 for the case off the East Antarctica, because the propagation direction of the CTWs is opposite in the Southern Hemisphere. The enhancement is significant over the shelf within 50 km from the coast in the case of the Chukchi Sea, whereas the enhancement is fairly small in the case off the East Antarctica. This difference is mainly caused by the depth and the width of the shelves: a shallow broad shelf exists in the Chukchi Sea, whereas the depth increases rapidly from the coast off the East Antarctica. These results are consistent with the observed values of the apparent wind factors (Fig. 3 of Kimura and Wakatsuchi 2000;  Fig. 4 of Kimura 2004 ). If we use C a 5 1.6 3 10 23 and C w 5 5.0 3 10 23 , which are more realistic in the Chukchi Sea, g becomes about 1.4 times larger, suggesting that g could be even larger in the Chukchi Sea.
Summary and discussion
Sea ice drift is governed by wind forcing and interaction between sea ice and ocean. The previous observational studies (Kimura and Wakatsuchi 2000; Kimura 2004) showed that the wind factor, the ratio of sea ice speed to wind speed, tends to be large in some coastal oceans. This fact motivated us to study the coupling mechanism between sea ice and a coastal ocean that enhances sea ice drift. A schematic diagram of the coupling mechanism proposed in this study is depicted in Fig. 13 . The mechanism is summarized as follows: First, sea ice is drifted by wind in the direction slightly to the right (left) of the wind direction in the Northern (Southern) Hemisphere. The wind stress over the sea ice generates the Ekman transport, which excites CTWs in the coastal ocean through stretching or shrinking of the water column by the Ekman compensated flow. Then, the ocean currents are induced underneath sea ice by the CTWs with larger amplitude closer to the coast, generally in the same direction as that of the wind-forced drift, resulting in the enhancement of sea ice drift.
This study investigated the enhancement of sea ice drift in highly idealized settings. We consider the case where spatially uniform oscillating wind drifts sea ice completely covering the ocean parallel to the coast. When barotropic ocean response manifested by shelf waves is assumed, sea ice drifts driven by wind and ocean can be calculated analytically. Because the ocean current generated by shelf waves propagates along the coast, a phase difference exists between wind-driven and ocean-driven sea ice drifts. For the case of mode 1, which is generally the dominant mode, the phase difference remains small in the general alongshore scale of the coast and thus the sea ice drift is enhanced. To isolate the influence of the phase difference, we define g as the ratio of the time-averaged value of sea ice drift driven both by wind and fluctuating ocean current to sea ice drift driven only by wind. The solutions of g show that the larger enhancement of sea ice drift is prominent near the coast and that the region with larger g expands downstream in accordance with the development of shelf waves.
Determining factors of the enhancement of sea ice drift is investigated using g 2 1, the ratio of the ocean current by the shelf waves to the wind-driven sea ice drift at the time when wind speed is the maximum. The ocean current by the shelf waves is proportional to a square of wind speed and air-ice drag coefficient [Eq. (18)]. On the other hand, sea ice drift driven by wind is proportional to wind speed and a square root of air-ice drag coefficient over ice-water drag coefficient (proportional to the Nansen number [Eq. (8)]. As a result, g 2 1 is proportional to wind speed and square roots of airice and ice-water drag coefficients [Eq. (17) ]. When vx/c n ( 1, the ocean current and thus g 2 1 hardly depend on the wind frequency [Eq. (19) ]; although vx/c n is not small, the ocean current and g 2 1 tend to be smaller with higher wind frequency [Eq. (18); Fig. 6 ].
From the analysis of the observations off the Sakhalin coast in the Sea of Okhotsk, it is shown that sea ice drift is enhanced up to 70% by ocean current near the coast. The frequency analyses show that the larger enhancement tends to occur at a lower frequency. These observed results are mostly consistent with the theoretical results ( Table 2) . We also apply our theory to the Alaskan coast in the Chukchi Sea and off the East Antarctica. The solutions show that the sea ice drift over the shelf is significantly enhanced in the case of the Chukchi Sea but not in the case off the East Antarctica (Figs. 11, 12) , which is consistent with the analyses based on the satellite data (Kimura and Wakatsuchi 2000; Kimura 2004 ). The difference in the two oceans is mainly caused by the depth and the width of the shelves, which determine the strength of ocean current by shelf waves.
In this study, we model the dynamical interaction between sea ice and a coastal ocean in a highly simplified setting. In reality, sea ice concentration is not 100% all the time. When sea ice drifts toward the coast, the sea ice field becomes convergent and internal stress plays a significant role. On the other hand, when sea ice drifts off the coast, the sea ice field becomes divergent and a coastal polynya is formed. Comprehensive understanding of the dynamical interaction including such situations awaits future investigation. This study can be regarded as the first step to achieve this goal.
